ABSTRACT: Many phytoplankton species produce resting cysts, forming 'seed banks' on lake sediments until they germinate and provide inocula (recruitment) for future pelagic populations. We have addressed the question of whether the littoral or the profundal zone provides the inoculum for planktonic populations in a eutrophic and dimictic lake (Lake Erken, Sweden). Our hypotheses were that high temperature, light, and sediment mixing would enhance recruitment. Also, we hypothesized that recruitment from littoral sediments would be greater than from profundal sediments. In situ recruitment traps were utilized to compare littoral and profundal recruitment, while laboratory experiments were performed to analyze which factors were most important. Seven common taxa were investigated: Asterionella formosa (Bacillariophyceae), Ceratium hirundinella (Dinophyceae), Microcystis botrys, M. wesenbergii, Anabaena sp., A. solitaria, and A. lemmermannii (Cyanobacteria). Our main findings were that light and sediment mixing were the most important factors in triggering and enhancing recruitment in the laboratory. Temperature and sediment origin (littoral/profundal) had a significant effect on recruitment only for A. lemmermannii and C. hirundinella, respectively. The field experiments showed that recruitment at the littoral site was much higher than at the profundal site, where little or no recruitment occurred. Together, these results strongly suggest that littoral sediments in temperate lakes provide inocula for most phytoplankton populations, likely due to favorable light conditions and high sediment mixing.
INTRODUCTION
Recently, there has been an increasing understanding and more wide-spread acceptance that different habitats in an aquatic ecosystem are tightly coupled (Schindler & Scheurell 2002) . Traditionally, both limnic and marine ecosystems are divided into benthos and pelagos, although in reality there are both functional and structural connections between the 2 (Boero et al. 1996) . Planktonic organisms are in general discontinuous in the pelagic zone, i.e. there is a seasonal succession of species, and they are not present all the time in the water column. Instead, many phytoplankton and zooplankton have life histories including both a benthic resting stage and a planktonic stage (Fryxell 1983 , Hairston & Cáceres 1996 , Hairston 1998 . Boero et al. (1996) strongly argued for the need to study plankton and benthos as a unified system, for taxonomic and ecological reasons. For instance, studies of seasonal phytoplankton blooms must take into account the role of resting propagules in addition to variations in nutrients and predation. A number of studies, especially in the 1990s, showed that many limnic and marine algal species have resting propagules that germinate and migrate into the water column. These include cyanobacteria (Barbiero & Welch 1992) , cryptophytes (Hansson et al. 1994) , chrysophytes (Sandgren 1983) , diatoms (Lund 1954 , McQuoid & Hobson 1995 , dinoflagellates (Anderson et al. 1983 , Dale 1983 , Hansson 1996b , Rengefors 1998 , euglenophytes (Olli 1996) and raphidophytes (Hansson 1996a) .
Early on in the 1900s, Huber & Nipkow (1923) and Lund (1954) showed that Ceratium hirundinella (Dinophyceae) and Melosira italica (Bacillariophyceae) had resting stages which were involved in the seasonal periodicity of these species. However, it was much later that the mechanisms, regulation, and importance of these life cycle transformations became of more widespread scientific interest. Within the field of harmful algal blooms of marine dinoflagellates, it is now widely accepted that resting propagules play an important role in initiating blooms (Anderson & Wall 1978 , Anderson et al. 1983 , Dale 1983 , Anderson & Keafer 1985 . The significance of resting stages as inocula for blooms have also been verified in freshwater algal bloom species, mainly cyanobacteria (Barbiero & Welch 1992 , Forsell & Pettersson 1995 , Head et al. 1999 ) and dinoflagellates (Heaney et al. 1983 ). Seasonal succession, that is, timing of the initial phase of population growth, is also regulated by germination of resting cysts, as has been shown for dinoflagellates (Rengefors & Anderson 1998 ) and suggested for diatoms (McQuoid & Hobson 1995) .
A main focus on many studies has been to resolve which factors regulate germination (resting stage activation) and recruitment (migration to the water column) in the different phytoplankton species with resting stages. In this paper, germination refers to the process in which the dormant cell or cyst becomes active (rejuvenation, excystment, growth) while recruitment is the process in which the newly germinated cell migrates to the water column. Within the dinoflagellates, both internal factors (endogenous clock, mandatory dormancy) and exogenous factors (temperature, light) operate in tandem to determine timing of germination , Anderson & Keafer 1987 , Rengefors & Anderson 1998 , Kremp & Anderson 2000 . Among cyanobacteria and diatoms, temperature, nutrients, and light have been shown to regulate germination (Hollibaugh et al. 1981 , Barbiero & Welch 1992 , Hansson 1993 , van Dok & Hart 1997 . Recently, Ståhl-Delbanco & Hansson (2002) showed that bioturbation can enhance recruitment of akinete-forming cyanobacteria, and Kremp et al. (2003) found that depositfeeder gut passage may enhance germination of dinoflagellate cysts. Moreover, there are both abiotic and biotic factors that can prevent germination. Anoxia was shown to prevent germination in dinoflagellates (Rengefors & Anderson 1998 , Kremp & Anderson 2000 . Also, the presence of predators inhibited the recruitment of Gonyostomum semen (Raphidophyceae) (Hansson 1996a ) and dinoflagellates ).
An important issue to be resolved is the actual site of the main recruitment. Hansson (1996a) and Sanderson & Frost (1996) found the greatest recruitment of Peridinium species from shallow sites. Likewise, cyanobacteria appear to recruit almost exclusively from the littoral sediments (Forsell 1998 , Head et al. 1999 , Brunberg & Blomqvist 2003 , Karlsson 2003 . On the other hand, field studies of dinoflagellate cyst distribution have shown that large potential seed banks are accumulated in the profundal zone, and that a large portion of these actually excyst (Heaney et al. 1983 , Rengefors 1998 ). In Lake Erken, for example, cyst numbers were 10 times higher in the profundal sediments compared to the littoral (Rengefors 1998) . Furthermore, Pollingher et al. (1993) found fewer viable dinoflagellate cysts in the littoral sediment than in the profundal.
We hypothesized that the main site for recruitment of phytoplankton is the littoral zone, due to higher temperature, more light, and more sediment mixing than at profundal sites. We also hypothesized that both the littoral and profundal sediment contain a viable potential seed bank and that in conditions conducive to germination, no differences would be observed between the two. Furthermore, we hypothesized that light, high temperature, and sediment mixing (bioturbation or physical resuspension) should enhance recruitment. The objective of our combined laboratory and field study was to determine experimentally (in the laboratory) whether the littoral zone represents the major recruitment area for phytoplankton with a benthic resting stage and verify this by studies in the field. Finally, our aim was to identify which of the abovementioned factors was the most important in the initiation and promotion of recruitment of resting cells and cysts.
MATERIALS AND METHODS
Sampling site. The temperate dimictic Lake Erken, situated in southeastern Sweden, was chosen for this experiment. The seasonal succession of phytoplankton in Lake Erken follows the patterns of the Plankton Ecology Group (PEG*)-model (Sommer et al. 1986 , Blomqvist et al. 1994 , thereby making it a suitable representative of deep, slightly eutrophic, and temperate lakes. Lake Erken is considered naturally eutrophic (total phosphorus ca. 28 µg P l -1 , total nitrogen ca. 657 µg N l -1 ) (Weyhenmeyer 1999) . The lake is normally ice-covered from December until April with an onset of the summer stratification at the end of May or beginning of June (Pettersson 1985) . During late summer, Lake Erken is usually dominated by either a cyanobacterial community consisting of Gloeotrichia echinulata (J. E. Smith) Richter, Anabaena spp., Aphanizomenon spp., or by the dinoflagellate Ceratium hirundinella (O. F. Müller) Dujardin (Nauwerck 1963 , Weyhenmeyer 1999 . Diatoms, especially Asterionella formosa Hassall, may also contribute substantially to the phytoplankton biomass (Weyhenmeyer 1999) .
The profundal site chosen for sediment sampling and recruitment traps was located at 14 m depth. The profundal region (12 to 20 m) represents 31% of the lake area (Håkansson 1978) . For logistical reasons (deepest diving depth) 14 m depth was chosen. A very shallow site located at 1.5 m was chosen to represent the littoral region. The 0 to 2 m depth interval represents 10% of the lake area (Håkansson 1978) .
Laboratory germination experiment. Triplicate sediment cores (7 cm diameter) were sampled from the littoral zone (1.5 m depth) and from the profundal region of the lake (14 m) on 8 May 2001. Temperature loggers at the sampling sites recorded a temperature of 6.6 and 7.2°C at 14 and 1.5 m, respectively. The top 2 cm were carefully sliced off and combined from 3 cores to minimize the effect of spatial variation, which was 15 to 20% by dinoflagellate cyst number in cores taken in proximity to each other in Lake Erken (Rengefors 1998) . The sediments were stored in the dark at 4°C until the start of the experiment (29 June 2001). The reason for sampling the sediment in early May was to ensure that the samples contained a large and intact pool of resting stages from summer communities. In addition, by storing the samples in the dark for 7 wk, the risk of having vegetative cells grow rather than resting stages germinate was minimized. Gibson & Fitzsimons (1990) , for example, showed that Aulacoseira subarctica entered a physiological resting phase after 5 wk in the dark.
In order to determine which factors were most important in regulating germination from the lakes' sediments, a 2 by 4 factorial design was set up in the laboratory. The factors were sediment origin (littoral/ profundal), sediment mixing/no sediment mixing, light/dark (16:8 h LD cycle), and temperature (7°C/ 17°C). The light intensity was 100 µE m -2 s -1 from cool white fluorescent lamps. The 2 temperatures were determined based on the following: that the recruitment of Ceratium hirundinella is limited to temperatures above 7°C (Rengefors & Anderson 1998) , setting the lower range, and that summer temperatures of the littoral sediment is on average 17°C in Lake Erken, setting the upper range. Sediment mixing (physical resuspension or bioturbation) was mimicked by manual resuspension with a pipettor. By using manual resuspension of the sediments rather than bioturbating animals, we could avoid interspecific differences between different benthic organisms, avoid grazing by invertebrates, and perform the experiment in test tubes rather than aquaria.
There were 3 replicates for each treatment. Each replicate consisted of a Pyrex glass test tube (diameter = 21 mm, area = 3.5 cm 2 ) to which 5 ml of sediments was added. Filtered (0.2 µm) lake water was carefully added to the test tubes with a spray bottle in order to avoid resuspension of the sediment, except for the sediment mixing treatments, to which 20 ml water was added vigorously with a pipettor. Tubes were subsequently placed in florists' foam, in order to submerge the part of the test tube with sediments, and only expose the sediment surface to light. All treatments were prepared in the dark using a red guide light only. The tubes were placed under a box covered with aluminum foil and black plastic. Sampling took place every 2 d in order to minimize reproduction of recruited organisms. Twenty ml of water was carefully removed with a pipette, taking care not to disturb the sediment. The samples were preserved with Lugol's solution for phytoplankton counts. The water was replaced by an equivalent volume of filtered aerated lake water (stored in the dark at 7 and 17°C), using the spray bottle. The experiment ran for 18 d as most algae were expected to start recruiting within this time interval, based on data from previous studies (Rengefors & Anderson 1998 , Ståhl-Delbanco & Hansson 2002 . Aliquots of 5 to 20 ml were counted in an inverted microscope at 100 × magnification using settling chambers. Cell number was determined for monads and coccoid cells, while biomass was calculated for taxa that formed filaments or large colonies (i.e. Microcystis spp.), since they varied in size to a much larger extent.
The effect of the different treatments was analyzed statistically on the most common species using a multiway (4-way) ANOVA. Samples were counted and analyzed for all treatments on Day 8 only. This date was chosen from the time series, as a representative day when most species were recruiting (see Fig. 2 ). The ANOVA was performed after making a rank transformation of the data (Conover & Iman 1981) . This method was used because the data did not satisfy Levene's test of homogeneity necessary to perform variance analyses. Logistic regression was also used to determine which factor determined recruitment/no recruitment. No recruitment was transformed to category '0', while any recruitment regardless of size was denoted '1'. The statistical package SPSS 10 was used for both analyses. The effect of time was analyzed on 2 combinations of treatments: littoral and profundal sediments with light, 17°C, and sediment mixing. This combination of treatments was expected to yield the highest recruitment according to our hypotheses. The data were rank transformed as above and a repeated ANOVA was performed on each species using SPSS 10. Correlation of recruitment with time was analyzed using the nonparametic Spearman's Rank Correlation with the statistical package StatView.
Field recruitment. Recruitment in the field was tested on 3 occasions during the summer of 2001 using emergence traps. The emergence traps were designed after Cáceres (1998) and Hairston et al. (2000) , and consisted of empty 19 l transparent water bottles from which the bottom had been removed, totaling 530 cm 2 in area ( Fig. 1 ). Two rectangular holes were cut out on the side and covered with 40 µm mesh, so that water could flow through the traps while larger plankton were excluded. A metal frame was placed on the bottom with 3 stainless steel bars protruding 30 cm into the sediment and the bottom of the traps were directly contacting with the sediment surface. At the mouth of the bottle, about 40 cm above the sediment surface, a 0.5 l Polyethylene Terephthalate (PET) clear plastic sampling bottle was attached upside down. The sampling bottles could be removed without removing the entire trap. From the neck of the water bottle a line extended with a small float to indicate the position in the water. Four emergence traps were placed at 1.5 and 14 m each several days previous to attaching the sampling bottles. The germination traps were not removed in-between sampling dates, only the sampling bottles were attached and removed on each occasion. By leaving the traps in the lake, resuspension leading to an apparent germination was avoided. Samples were collected on 12 to 13 June, 3 to 4 July, and 14 to 15 August. The PET bottles were filled with filtered lake water and attached by divers at the start of the experiment and then removed by divers after 24 h. Due to the short sampling time we assumed that reproduction of recruited organisms as well as grazing from zooplankton inside the traps were minimal. The samples were preserved with Lugol's solution immediately after they had been returned to the surface. Aliquots of 5 to 25 ml were counted in an inverted microscope at 100 × magnification using settling chambers.
Light intensity data (photosynthetically active radiation [PAR], µmol photons m -2 s -1
) and oxygen (mg O 2 l -1 ) were retrieved from the Lake Erken monitoring program. Phytoplankton were sampled weekly at the deepest point in the lake (20 m) using volume-integrated composite samples, which were preserved with Lugol's solution. During periods of circulation the entire water column was sampled, while during stratification (6 June to 3 September) the epilimnion (usually 0 to 10 m) was sampled. Phytoplankton were counted in an inverted microscope using settling chambers. Only phytoplankton analyzed in the recruitment traps are reported here.
The data were statistically analyzed by rank transforming the data (Conover & Iman 1981) and then performing a repeated ANOVA using SPSS 10.
RESULTS

Laboratory recruitment experiments
Time effect
The effect of time on recruitment was statistically analyzed for the most abundant species including cyanobacteria, diatoms, and dinoflagellates. Within the cyanobacterial group, 2 chrooccocales (Microcystis botrys Teil and M. wesenbergii (Komárek) Starmach and 3 nostocales (Anabaena sp. 1, not identified to species level), A. solitaria Klebahn, and A. lemmermannii P. Richter) were most numerous. Asterionella formosa Hassall dominated the diatoms and Ceratium hirundinella (O. F. Müller) Schrank the dinoflagellates . Results on the cyanobacterium Gloeotrichia echinulata, which often dominates the late summer phytoplankton community in Lake Erken, have been reported in a separate paper (Karlsson-Elfgren et al. 2004) .
The effect of time on recruitment resulted in 3 main patterns of response: a positive correlation of increased recruitment with time, a decrease of recruitment with time, and a group with an increase followed by a decrease. Anabaena sp. 1, A. lemmermannii, and Recruitment of Asterionella formosa from littoral sediments showed a very clear positive correlation with time (0.894, p < 0.0001), while recruitment from the profundal had a low r s which was not significant. A similar pattern of low r s and no significance was found for Microcystis botrys recruitment, from both types of sediments.
For most taxa, there was no significant difference in recruitment between the 2 sediment types (littoral and profundal). However, recruitment of Ceratium hirundinella was significantly higher in the profundal sediments than the littoral sediments (repeated ANOVA, p < 0.001, Table 1 ).
Treatment effect
The presence of light had a positive effect on recruitment (Fig. 3, (Fig. 3) . In contrast, C. hirundinella recruited in both dark and light treatments had the largest recruitment (5 × higher than other treatments) in the dark treatment (at 17°C and with sediment mixing).
Sediment mixing enhanced recruitment in all species analyzed (Table 2 , ANOVA, p < 0.001) (Fig. 3) , except for Anabaena lemmermannii. Some variation can be observed among the different species. In A. solitaria for instance, there was little or no recruitment, unless the sediment was exposed to sediment mixing. In the other species, recruitment occurred in the non-mixed treatments but not to the same extent as in the samples with sediment mixing. Once again, Ceratium hirundinella differed from the cyanobacteria and Asterionella formosa, in that the effect of sediment mixing was significantly different from the other treatments only in the dark treatment at 17°C.
High temperature (17°C) appeared to enhance recruitment in most species (Fig. 3) but had a significant effect only in Anabaena lemmermannii (Table 2 , ANOVA, p = 0.01). In fact, this species did not germinate at all at 7°C (Fig. 3) . Ceratium hirundinella had little recruitment at 7°C, while a 5-fold higher recruitment occurred at 17°C (in darkness and with sediment mixing).
Sediment origin had a significant effect (p ≤ 0.01) on the recruitment of Anabaena lemmermannii and Ceratium hirundinella. However, in C. hirundinella, recruitment was larger from the profundal sediment, Table 2 . Effect of light, sediment mixing, temperature, and sediment origin, on the recruitment of 5 different species on Day 8. A 4-way ANOVA was performed on rank-transformed data. A logistic regression (Log. regr.) was performed on data that were transformed into 0 and 1, where 0 represented no recruitment and 1 was recruitment of any size. ns: not significant while in A. lemmermannii recruitment exclusively occurred from the littoral sediment type. Some noteworthy between-factors effects were found for Anabaena solitaria and Ceratium hirundinella. In A. solitaria, temperature alone had no significant effect on recruitment (p > 0.05), while the interaction of temperature and light was significant (p = 0.01), as shown by a trend of higher recruitment at 17°C than at 7°C (Fig. 3) . Similarly, temperature alone had no significant effect on the recruitment of C. hirundinella, while in combination with no light, temperature had a positive effect (temperature and light, p < 0.001) on recruitment (Fig. 3) .
Logistic regression analyses were used to explore which factor(s) were important in determining recruitment versus no recruitment (Table 2) . Sediment mixing turned out to be a significant factor (logistic regression, p < 0.05) influencing recruitment in several species including Anabaena sp. 1, A. solitaria, and Ceratium hirundinella. Presence of light had a significant positive effect (p = 0.002) on recruitment of Anabaena sp. 1, while in C. hirundinella, darkness had a positive effect (p = 0.04). Sediment origin was a significant factor influencing the recruitment of C. hirundinella. Temperature had a positive significant effect only in A. lemmermannii. 
Field recruitment experiments
Three classes of phytoplankton dominated in the recruitment traps: cyanobacteria, diatoms, and dinoflagellates. Four representatives were chosen for analyses based on abundance: Anabaena solitaria, A. lemmermannii, Asterionella formosa, and Ceratium hirundinella. The overall picture was that recruitment occurred mostly from the littoral zone and throughout the entire summer season (mid-June to mid-August).
The 2 cyanobacterial species both had significantly higher recruitment at the littoral station compared to the profundal sampling station (repeated ANOVA, p ≤ 0.01) (Fig. 4A,B) . Recruitment occurred throughout the summer and there was no significant difference among the 3 sampling occasions. No recruitment occurred from the profundal site, except on the August sampling date, when a small number of filaments were found in the traps.
Asterionella formosa was found in the littoral recruitment traps throughout the summer (Fig. 4C) . Little or no recruitment occurred at the profundal site. Statistical analyses showed that there was no effect of time, while the recruitment at the littoral site was significantly higher than at the profundal site (repeated ANOVA, p = 0.01). In contrast to the cyanobacteria and diatoms, Ceratium hirundinella had a much higher recruitment at the beginning of the summer than at the end (Fig. 4D ), although this difference was not significant in the test performed. However, the number of recruited individuals was substantially and significantly higher in the littoral than in the profundal zone (repeated ANOVA, p = 0.01). These results were opposite to the laboratory experiment; i.e. recruitment was highest from the profundal sediment.
Light conditions naturally varied at the 2 sites, with light (60 to 800 µmol photons m -2 s -1 ) reaching the sediment surface at the shallow site, whereas light was below detection at the 14 m site throughout the summer season. The 14 m site was anoxic (0 mg O 2 l -1 ) on the August sampling occasion only.
The phytoplankton counts showed that Ceratium hirundinella first appeared in plankton on 11 June and peaked on 24 July with a biomass of 430 µg wet weight l -1 (Fig. 5A) . After peaking the biomass dropped quickly, and by mid-August there were no more C. hirundinella cells in the plankton. Asterionella formosa occurred at low biomass throughout the sum- mer with a small peak on 28 August (Fig. 5B) . Anabaena spp. biomass was generally low, except for on a few occasions in June and July (Fig. 5B ).
DISCUSSION
We propose that the littoral zone is more important than the profundal as a site of phytoplankton (including cyanobacteria, diatoms, and dinoflagellates) resting stage recruitment based on the combined results from our field and laboratory experiments. Although the profundal sediments may act as an equally large potential 'seed bank' as the littoral, the conditions in the littoral zone are much more conducive to recruitment from phytoplankton resting cells. Our field experiments showed that recruitment was larger at the littoral site. Furthermore, the laboratory experiment showed that light, sediment mixing, and high temperature (all characteristics of the littoral zone) stimulated recruitment.
As expected, light was an important factor regulating the recruitment of all species analyzed. In the cyanobacterial species and the diatom, there was little or no recruitment in the dark treatments (Fig. 3) . Both cyanobacterial akinetes (e. g. Huber 1985 , van Dok & Hart 1997 and diatom resting stages (Hollibaugh et al. 1981) require light in order to germinate. However, there is some evidence that akinetes provided with suitable organic carbon can germinate in the dark (van Dok & Hart 1997) . The lag phase prior to recruitment of Anabaena sp. 1 and A. lemmermannii has been observed in other akinete-forming species, for example Gloeotrichia echinulata (Barbiero 1993 , Karlsson 2003 , Karlsson-Elfgren et al. 2004 ). The akinete must mature, germinate, and gas vesicles must form prior to recruitment (Wildman et al. 1975) . Although Asterionella formosa also needs light in order to germinate, this species does not form morphologically differentiated resting propagules (Lund 1954 , Sicko-Goad et al. 1989 ). Presumably, physiological resting stages germinate quicker than, for example akinetes (suggested by findings of Sicko-Goad et al. 1986 , who found that complete rejuvenation of Melosira granulata occurred in less than 24 h). However, our time course experiment showed increased recruitment with time in A. formosa. This increase could be due to growth on the sediment surface, a common feature of diatoms. Although some cells and filaments of A. formosa and Anabaena spp. could occasionally be found in the dark treatments, these were found in extremely low numbers. An explanation is that these cells were not viable, or still in their resting stage, and had been resuspended during sampling. Alternatively, they could have been induced by the red light used during sampling.
A surprising finding was that cells of Asterionella formosa were found in treatments exposed to light but no sediment mixing. Since diatoms have neither flagella nor gas vesicles, we did not expect to find them in the water overlaying the undisturbed sediments. However, many marine species are able to achieve positive buoyancy, e.g. Richardson et al. (1996) , possibly by regulating internal carbohydrate concentration (Richardson & Cullen 1995) or through ionic regulation of intracellular regulating osmolytes, especially nitrates (Villareal et al. 1993 ) and quaternary ammonium derivatives (Boyd & Gradmann 2002) . In freshwater diatoms, live cells are known to have a lower and Asterionella formosa (✳). Samples were taken from the entire water column during mixed periods (0 to 20 m) and in the epilimnion (0 to 10 m) during summer stratification. Horizontal bar above (A) and (B) indicates the extent of the stratified period. Dates surrounded by boxes are the dates corresponding to germination trap sampling sinking rate than dead ones (Heaney & Butterwick 1985) and nutrient deficiency in A. formosa has been shown to increase its sinking rate (Davey 1988) . To date, positive buoyancy has not been described for freshwater diatoms. The A. formosa cells encountered in our samples were healthy-looking, i.e. they had several chloroplasts and were not infested with phototactic choanoflagellates. Our data possibly suggests that newly germinated A. formosa cells may have a slight positive buoyancy, perhaps mediated by some form of ionic regulation, to help them become entrained in the water and thereby be transported upwards in the water column. At this point, however, these are speculations, as we cannot rule out other explanations. Sediment mixing was the next most important factor regulating recruitment in cyanobacteria, the diatom, and the dinoflagellate. Sediment mixing (bioturbation or physical resuspension) allows resting propagules that have been buried too deep to be exposed to incoming light, to be brought to the illuminated sediment surface and, plausibly, to the water phase. Also, sediment mixing may relieve resting propagules from anoxia which is a factor that prevents recruitment in some dinoflagellates (Rengefors & Anderson 1998) . Consequently, the effect of sediment mixing is to increase the number of resting propagules that can germinate. A recent study by Ståhl-Delbanco & Hansson (2002) showed that bioturbation greatly enhanced the recruitment of Anabaena spp., Microcystis spp. and Gonyostomum semen. Of the 2 types of bioturbating invertebrates studied, Asellus aquaticus (Isopoda) had a much greater effect than chironomids. Ståhl-Delbanco & Hansson (2002) also noted that bioturbation by A. aquaticus occurred much deeper into the sediments than of the chironomids. Thus, a larger number of more deeply buried resting propagules probably had the chance to germinate in the A. aquaticus treatment. It must also be noted, however, that bioturbating invertebrates may also have a negative impact on germination. For example, they play an important role in carrying resting propagules down into the sediment deposits as shown by the classical study of Stockner & Lund (1970) . Furthermore, diatom resting stages may be grazed by benthic animals (Gibson et al. 2003) . Another effect of sediment mixing is that substances important for phytoplankton growth (e.g. nutrients) can be released to the water and possibly stimulate recruitment rate. Gibson et al. (2000) , for instance, found that the internal cycling of silica, a prerequisite for diatom growth, was enhanced by bioturbation.
The importance of sediment mixing and light for recruitment in the laboratory experiment corresponds well with the recruitment patterns observed in the field and with the biotic and abiotic conditions in Lake Erken. In the 4 species analyzed in the field (Anabaena solitaria, A. lemmermannii, Asterionella formosa, Ceratium hirundinella) and at all dates, the recruitment was significantly higher at the littoral station. Little or no recruitment occurred at the deep site, where light was below detection. Thus, it is unlikely that any substantial recruitment should take place, unless physical resuspension occurs. Studies from Lake Erken show that sediment down to 12 m depth (60% of the sediment area) can be resuspended by wind action (Weyhenmeyer 1996) . In addition, the shallow sites in Lake Erken are dominated by benthic Crustacea, especially Gammarus sp. and Asellus aquaticus (Andersson 1974) , suggesting that bioturbation is high at the littoral site. Consequently, bioturbation in the littoral could have a positive effect on resting cell recruitment (Ståhl-Delbanco & Hansson 2002) . In contrast, chironomids and oligochaetes dominate the deep site (Sandberg 1969) . Once again, previous studies (Ståhl-Delbanco & Hansson 2002) indicate that there are no beneficiary effects of chironomids on recruitment.
Although temperature is often cited as an important factor in regulating germination, in our analyses, temperature alone was only significant in the recruitment of Anabaena lemmermannii. Most cyanobacteria are known to grow poorly at low temperatures (Fogg 1963) . Apparently, A. lemmermannii will not recruit at temperatures as low as 7°C. Species-specific differences in optimum germination temperature corresponding to differences in optimum growth temperatures have been found in other Anabaena species (Baker & Bellifemine 2000) . However, temperature in combination with other factors (such as light) had a significant positive effect on recruitment in Anabaena solitaria and Ceratium hirundinella, indicating that temperature nonetheless plays an important role in recruitment.
In contrast to the cyanobacteria and the diatom, Ceratium hirundinella did not require light to germinate. In fact, the largest recruitment was found in the dark plus sediment mixing treatment (17°C and profundal sediment). This apparently odd feature of C. hirundinella can be easily explained based on findings in previous studies. First, recruitment was small in the 7°C treatment since this is the minimum temperature at which germination takes place (Rengefors & Anderson 1998) . Second, the recruitment was low in the light at 17°C as most of the cyst 'seed bank' (cysts found on sediment) had already been exhausted by Day 8 (Fig. 2) , when the 'treatment' analysis was performed. C. hirundinella is known to germinate quickly (within 24 h) at 17°C (Rengefors & Anderson 1998) . Accordingly, if the 'treatment' analysis had been performed on an earlier date, the outcome would have been different. C. hirundinella cells have been shown to ger-minate in complete darkness (Rengefors & Anderson 1998 ), although at a slower rate than in light. Consequently, a large cyst seed bank remained on Day 8 in the dark, and with sediment mixing recruitment was further enhanced, resulting in a recruitment 5-fold higher than in the other treatments. Hence, the effect of sediment mixing in C. hirundinella dark treatments cannot be explained by the fact that sediment mixing exposes cells to light. A possible explanation is oxygenation of the sediment, since it has been shown that C. hirundinella cysts will not germinate in completely anoxic conditions (Rengefors & Anderson 1998) . It is possible that low oxygen microclimates may have developed underneath the sediment surface in the test tubes, although no measurements were made to support this explanation.
Recruitment patterns with respect to time differed among the species analyzed, revealing that the time of response (i.e. recruitment) varies among species and may in turn be tightly coupled to seasonal succession. Timing of germination has been suggested to play an important role in the seasonal succession of diatoms (McQuoid & Hobson 1995) and has been shown to be important in freshwater dinoflagellates (Rengefors 1998 , Rengefors & Anderson 1998 . Within the same cyanobacterial genus, Anabaena, we observed completely different patterns of recruitment. For instance, A. solitaria germinated immediately when exposed to light, sediment mixing, and 17°C. Recruitment was high at the start and dropped with time, indicating that the 'seed bank' was diminishing. These results are in agreement with Cmiech et al. (1984) , who showed that recruitment in A. solitaria started after only 24 h, and that 40% of the akinetes had germinated after 7 d. In contrast, A. lemmermannii had its maximum recruitment towards the end of the incubation period. Similar to the Anabaena species, the 2 Microcystis species also had different response patterns with staggered germination times (Fig. 2) . In accordance with our results, M. wesenbergii was also found to be slow germinating and growing resulting in high abundance towards the end of the summer in a field study in eutrophic Lake Limmaren, Sweden (Brunberg & Blomqvist 2003) .
A pattern with high initial recruitment was observed in Ceratium hirundinella, which has the ability to germinate quickly and establish a planktonic population given the right conditions. The analysis of recruitment versus time showed that recruitment was highest at the beginning, dropped quickly and ceased completely by Day 16. These results concur with those of Rengefors & Anderson (1998) , who showed that mature cysts can germinate in 1 to 2 d and that 95% of the cysts germinate at temperatures above 11°C. Thus, the rapid decline of C. hirundinella in the samples can be explained by an exhaustion of the cyst 'seed bank' which agrees with field data showing that most cysts germinate in May and June (Rengefors 1998) . The trap data also showed a similar pattern with highest recruitment in the beginning of the summer.
The germination trap data and phytoplankton counts showed complimentary patterns for Ceratium hirundinella. High recruitment was found on the 12 June sampling occasion, corresponding with the time when C. hirundinella was first seen in the water (Fig. 5A) . By 3 July recruitment had ceased, but an exponentially growing population had apparently been established in the water column. The smaller recruitment from the littoral site observed in mid-August might explain the cells detected in the September samples. Asterionella formosa population dynamics during the summer cannot be explained by recruitment patterns, presumably because the stratified summer conditions were not conducive to vegetative growth in this species. The recruitment pattern of Anabaena spp. showed recruitment from the littoral throughout the summer. The pelagic was thus presumably seeded with inocula; however, the phytoplankton counts showed that Anabaena spp. never dominated the phytoplankton community.
Whether the littoral or the profundal sediments have the largest seed bank potential has been much discussed in literature dealing with phytoplankton resting stages. There are really 2 issues to be considered here. One is the actual number of viable propagules present ('seed bank' potential) and the second is whether these are likely to have the chance to germinate (actual 'seed bank'). In our laboratory experiments, we found that sediment origin was not a significant factor influencing recruitment in most species, indicating no difference in the 'seed bank' potential of the 2 sediment types. However, in Ceratium hirundinella there was a significant difference between littoral and profundal sediments. The profundal sediments likely contained more viable dinoflagellate cysts than the same volume of littoral sediment as shown by the difference in total number of cells germinated from the profundal sediments compared to the littoral. This, in turn, agrees with the findings in Rengefors (1998) , showing that cyst numbers in profundal sediments were 10 times higher than in shallow sediments (4 m) in Lake Erken. The lake bottom at 14 m and below is known as a region of particle accumulation in the sediments of Lake Erken (Weyhenmeyer et al. 1997) , which explains why cyst numbers probably are higher in these areas. Other resting spores presumably also accumulate in these regions, but may have low germination rates, as found in Gloeotrichia echinulata (Forsell & Pettersson 1995) . Also, dinoflagellate cysts are extremely resistant and can remain viable in the sediments for several decades (McQuoid et al. 2002) . Nevertheless, the recruitment traps show that most actual recruitment took place in the littoral despite the lower potential cyst/seed bank (Rengefors 1998) . Higher irradiance and sediment mixing (bioturbation) at the shallow sites, as well as slightly higher temperature can in turn explain this important result. In addition, the 14 m site was anoxic in August, which can further explain why, for instance, C. hirundinella did not germinate from this site at that time. Thus, it seems like littoral sediments are the most important actual 'seed banks' in a lake and provide much of the inocula for planktonic blooms as suggested by Hansson et al. (1994) . These results are further supported by the similar studies on cyanobacterial species, including Microcystis spp. (Brunberg & Blomqvist 2003) and G. echinulata (Karlsson-Elfgren et al. 2004) .
To conclude, our field data from the recruitment traps, together with the results from the laboratory experiment, support our hypothesis that the littoral sediments are the most important 'seed banks' in a lake and provide the inocula for planktonic blooms. Based on the extent of recruitment in the laboratory, the potential 'seed bank' of the profundal zone is equally large as the littoral sediment, but due to environmental conditions (low light, low sediment mixing), little or no recruitment occurs from these areas. In the littoral zone, on the other hand, light reaches the sediment surface throughout the summer, sediment mixing is high and the water temperature is periodically higher than in the profundal. The most important factors initiating and enhancing recruitment in the laboratory were light and sediment mixing. Sediment mixing was not necessary for, but greatly enhanced recruitment of all the species, while light was necessary for both cyanobacteria and diatom recruitment. Finally, temperature and sediment origin also had a positive effect on the recruitment of some species especially in combination with other factors. Questions that remain to be answered are to what extent the sediment inocula contribute to the initiation and growth of pelagic populations, and whether profundal 'seed banks' are lost as inocula or can be germinated due to physical resuspension and mixing.
